Abstract: Tribofilms are dynamic structures that form at the interface during frictional sliding. These films play a significant role in friction control, particularly under heavy loaded/high temperature conditions, such as those found at the cutting tool/chip interface. The thermodynamic aspects of tribofilm formation are discussed here. Thermodynamic analysis of entropy production during friction shows that there are two types of tribofilms that affect the wear behavior of a cutting tool: (1) tribofilms forming as a result of the surface modification of the cutting tools with further tribo-oxidation; and (2) tribofilms that form as a result of material transfer from the contacting frictional body (the workpiece) during the tool/chip interaction. Experimental examples are presented, outlining the beneficial role of both types of tribofilms.
Introduction
The frictional behavior of contacting surfaces depends strongly on the formation of tribofilms at the interface. Comprehensive reviews on tribofilms have been previously published [1, 2] . As stressed in these articles, the importance of tribofilms is frequently underestimated. Researchers, mechanical designers and material developers have repeatedly drawn the wrong conclusions, since their models of tribological materials were too simplistic [1] .
Tribofilms, being self-organized patterns [3] [4] [5] , form as a result of (1) the transformation (structural/chemical) of an existing surface layer through interaction with the environment [2] [3] [4] [5] [6] [7] ; or (2) material transfer from the counter body (due to chips sticking to the tool rake surface) with the further formation of a modified layer on top of the original surface [1] . Tribofilms carry out protective, thermal barrier and lubricating functions.
Various features of tribofilms (or secondary structures, i.e., generated during friction) were intensively studied [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The tribofilms generated during friction can be divided into lubricating [6] and hard ceramic tribo-phases [7] . A relationship was proven to exist between tribofilm formation and self-organization during friction [18] . The thermodynamical aspect of tribofilm formation has been outlined in [18, 19] .
According to the principle of "dissipative heterogeneity" [8] , there occurs a phenomenon of the structural adaptation of tribo-materials, which leads to the concentration of the larger part of the interactions between frictional bodies within the thin layer of the tribofilms (secondary structures, SS) [7, 12] . The depth of the layer can be an order of magnitude (or even magnitudes) lower than that typically associated with damage phenomena [12] .
One of the most heavily-loaded tribo-systems known is found in manufacturing tooling applications [20] . The tool-workpiece tribo-system works under heavy (up to 5 GPa) loads and high (1200 °C and above) temperature conditions [20, 21] . The major portion of the energy of friction during machining transforms to heat and dissipates through various channels (via chip removal, into the workpiece, into the environment, and so on [22] ). However, an appreciable fraction of frictional energy is accumulated within the tribofilm layer [8] . Therefore, the tribofilm layer can be considered as a steady-state zone, where intensive energy dissipation and accumulation is happening, which decisively affects wear resistance under severe/extreme operational conditions. The goal of this paper is to perform thermodynamic analysis of tribofilms formation for specific conditions of cutting considering various ways that they may be generated at the cutting tool-workpiece interface. Based on the results of such an analysis, some ways to control friction are outlined by means of the proper selection and development of tooling materials for specific machining applications to improve the wear resistance of the cutting tools.
Results and Discussion

Thermodynamics of Tribofilms
To understand the mechanisms of tribofilm formation, consideration of the self-organizing process during friction has to be made based on the thermodynamic analysis of the cutting tool-workpiece tribo-system [4] .
As shown in detail in [9] , the change of entropy of a frictional body (dS) is: dS = dS i + dS e + dS m + dS f − dS w (1) After differentiation with respect to time, Equation (1) in a stationary condition will look like:
For the cutting tool-chip interface, this equation should be slightly modified:
where:
dS i /dt-the entropy production as a result of the distribution of heat and other flows within a body; dS e /dt-the flow of entropy due to external interactions, which could change due to the transition of heat from a frictional surface with a higher temperature into a body (the cutting tool) with a lower temperature, resulting in an entropy increase; dS m /dt-the change of entropy due to the formation of chemical compounds on the tool surface due to the entropy of the matter transferred from the contacting frictional body (the workpiece). In the case of the tool-chip interaction, it can be either positive, due to cutting tool-chip interactions with the further formation of seizure zones or build-ups that tend to break away and eventually cause deep surface damage [23] , or negative when the material transformed to the tool surface either forms lubricants (MnS for example) or interacts with the environment (tribo-oxidation), forming lubricating tribofilms [1, 23] ; dS f /dt-the change of entropy due to tribofilm formation as a result of the surface modification of the cutting tools with further tribo-oxidation; dS w /dt-the change of entropy due to the wear process (the "−" sign is used in the Equation 2, because the products of the wear process leave the frictional body with their own entropy). The change of entropy, dS f /dt, could be negative if non-equilibrium processes are occurring on the surface and the entropy of a frictional body is reduced (which is typical for cutting tools [24, 25] ), or it could be positive if there are equilibrium processes [9] . However, the sum of these terms, i.e., dS i /dt + dS f /dt > 0, is the general entropy production [18] . As follows from (2), lower entropy production corresponds to a lower dS w /dt value. Bearing in mind that entropy is an additive value, we can consider that the lower dS w /dt, the lower the wear rate. Therefore, the entropy production decrease leads to wear rate reduction. Non-equilibrium processes on the surface (dS f /dt < 0) and the formation of lubricating tribofilms due to material transfer from the workpiece with its further tribo-oxidation (dS m /dt < 0), with all other conditions being equal, can also lead to a wear rate decrease.
It has been found that there are two types of tribofilms that are formed on the frictional body as a result of structural modification and interaction with the environment: (1) super-ductile and lubricating films [12] ; and (2) tribo-ceramics with thermal barrier properties and increased hardness and strength [10, 24, 26, 27, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Tribofilms (SS) of the first type (SS-I) are observed as a result of structural activation marked by an increase in the density of atomic defects at the surface. Tribofilms are supersaturated solid solutions formed by reaction with elements from the environment (most often, oxygen). In these secondary structures, the material may be super-plastic (due to a nano-scale grained or amorphous-like structure) [6, 7] . Secondary structures of this type mostly promote energy dissipation during friction.
Tribofilms (SS) of the second type (SS-II or tribo-ceramics containing a higher content (%) of elements, such as oxygen) are primarily formed by thermal activation processes. The SS-IIs are usually non-stoichiometric compounds [6, 7] . Secondary structures of this type exhibit mostly surface protective properties due to their high thermodynamic stability, thermal barrier properties and high hot hardness [12] [13] [14] . The adaptation of the tribo-system, in this case, relies on a low intensity chemical interaction with the workpiece, the beneficial heat distribution on the friction surface and the high hardness of the tribofilms. This results in a low entropy production during friction and, obviously, a decrease in the wear rate. On the other hand, the destruction of these hard films could be prevented by proper surface engineering of the substrate material, which ensures effective support of the tribofilms during friction. Depending on their chemical composition, tribo-oxides can also provide high temperature lubricating properties that benefit energy dissipation [4] .
Experimental Examples of Tribofilm Formation
In relation to the Equation (2), two examples are presented illustrating the beneficial role of both types of tribofilms. The films have been formed as a result of (1) the surface modification of the cutting tool material [17, 44, 45] ; and (2) due to the transfer from the workpiece with further tribo-oxidation [1, 46] .
Example 1: Figure 1 shows cutting tool life data during hard turning of HSS (T 15) with the hardness of HRC 52 [31] . Under aggressive cutting conditions (a speed above 100 m/min), ceramic inserts, (Al 2 O 3 + TiC) followed by a coated carbide tool with an intermediate ceramic (Al 2 O 3 ) layer show the best tool life when compared to two types of PCBN (low content PCBN and PVD TiN-coated PCBN). This is related to a number of different beneficial characteristics of the ceramic and coated carbide inserts, including the ability to form protective alumina tribofilms on the friction surface, as confirmed by Raman data presented in Figure 2 [31] . Similar results of the surface modification of the cutting tool were presented elsewhere [4, 17] . A major feature of these protective tribofilms is their ability to accumulate frictional energy.
As is shown in Figure 2 , the addition of material transferred from the workpiece along with further tribo-oxidation results in a small, but well-defined and sharp peak at 420 cm −1 associated with the formation and/or promotion in the surface of Al 2 O 3 (Spectrum 3) due to tribo-oxidation of the tool surface. Raman spectra were coupled to EDX analysis ( Figure 3 ) in order to confirm the formation of alumina. . SEM micrograph (a) of CT3 used in the 100 m/min test and EDS spectra (b) of numerically-labeled regions; ♦ corresponds to typical gold energy [31] . Figure 3 shows the SEM image and EDS spectra of a ceramic tool. EDS analysis of the cutting tool shows the presence of titanium and aluminum (Spectrum 1). Depending on the studied zone, different elements are identified. Spectrum 2 reveals the presence of iron and titanium, and Spectrum 3 (at the beginning of the trailing zone) shows a large peak corresponding to aluminum and oxygen.
Example 2: Figure 4 presents the tool life data during hard turning of D 2 steel with a hardness of HRC 52 [46] . The same ceramic insert mentioned in Example 1 also shows the best tool life in comparison to TiN-coated and uncoated PCBN. This is associated with a number of characteristics of the ceramic tool, including its ability to promote the formation of high temperature lubricating Cr-O tribofilms on the friction surface, as confirmed by XPS studies of the worn tools ( Figure 5 ) [46] . Formation of such tribofilms promotes energy dissipation during friction, which benefits tool life [1, 4] . The formation of these tribofilms is caused by material transfer from the counter body (workpiece), along with further tribo-oxidation at the tool surface [1] . A major feature of these high temperature lubricating tribofilms is their ability to dissipate the energy of friction. It is worth noting that the tribofilms studied are closely related to the generic concept of the tribological compatibility of the cutting tool-workpiece tribo-system. Tribological compatibility is related to the capacity of two surfaces to adapt to each other during friction, providing wear stability to the two components of the specific tribo-system, for the longest period of time [11] . The goal is to achieve stable tool service and a predictable rate of wear with a given set of operating parameters. In this interpretation, as was outlined above, compatibility implies an integrated optimization, both from an engineering (minimal wear rate) and physical (self-organizing) point of view [4, 5, 11, 19] . The tribological compatibility of the tool-workpiece tribo-system could be achieved, in particular, by the proper selection of the tooling materials, such as hard/lubricating PVD coatings [47] . Alternatively, it could be realized by the promotion of beneficial tribofilms formation, as a result of material transfer to the cutting tool surface from the workpiece, as is shown in Figure 4 .
Conclusions
The results show that each type of tribofilm, either formed due to the structural/chemical modification of the tooling material or due to the material transfer from the counter body with further tribo-oxidation, can lead to the improvement of tool life if it exhibits the ability to accumulate or dissipate the energy of friction.
It is time to understand that the frictional surface becomes strongly modified either by the change of the original material, or due to the transfer of material from the counter body. Therefore, tribological materials should be tuned to achieve optimum properties after these transformations. Friction control by means of beneficial tribofilm formation makes it possible to improve the wear resistance of the tool-workpiece tribo-couple. To perform this task, the proper selection and development of tooling materials or coatings have to be adjusted for specific machining applications. Simultaneous optimization of machining parameters could be also very beneficial.
